Environmental conditions during embryonic development can influence the mean expression of phenotypes as well as phenotypic responses to environmental change later in life. The resulting phenotypes may be better matched to their environment and more resilient to environmental change, including human induced climate change. However, whether plasticity does improve success in an ecological contexts is unresolved. In a microcosm experiment, we show that developmental plasticity in embryos of the frog Limnodynastes peronii is beneficial 
Summary
Environmental conditions during embryonic development can influence the mean expression of phenotypes as well as phenotypic responses to environmental change later in life. The resulting phenotypes may be better matched to their environment and more resilient to environmental change, including human induced climate change. However, whether plasticity does improve success in an ecological contexts is unresolved. In a microcosm experiment, we show that developmental plasticity in embryos of the frog Limnodynastes peronii is beneficial between incubation and microcosm temperatures, and predation; maximal glycolytic and mitochondrial metabolic capacities (enzyme activities) were lower in survivors from predation compared to controls, particularly when eggs were incubated at 25 o C. We show that
Introduction
Environmental conditions during embryonic development can influence the mean expression of phenotypes (Levins, 1968; Bateson, 2001; Burton and Metcalfe, 2014; Mateus et al., 2014) . The resulting phenotypic plasticity is usually non-reversible within organisms, and it is advantageous if the embryonic environment is a good predictor of conditions experienced later in life (Levins, 1968; Bateson et al., 2014; Nettle et al., 2013; Pigliucci, 2005) . Hence, if environmental cues experienced early in life predict environmental conditions experienced at later life history stages, offspring should have increased fitness in that environment (Levins, 1968) . However, there are limits and costs to developmental plasticity that may constrain its evolution (Auld et al., 2010; DeWitt et al., 1998; Pigliucci, 2005; Relyea, 2002) . Cost of plasticity, that is fitness decrements resulting from plasticity, are thought to include the energetic investment necessary to maintain the regulatory mechanisms necessary to enable the expression of plastic traits (DeWitt et al., 1998) . Limits to plasticity, that is failure to express optimal phenotypes, may manifest as a mismatch between the expressed phenotype and environmental conditions. The latter depends on the predictability of the environment, and greater variation between pre-zygotic and later offspring environments will increase the likelihood of a phenotype-environment mismatch (Botero et al., 2015; DeWitt et al., 1998) . However, in addition to developmental plasticity, which is more or less non-reversible during later life history stages, adult phenotypes may change reversibly in response to environmental fluctuation. Interestingly, recent empirical evidence suggests that developmental and reversible plasticity (acclimation) are linked (Scott and Johnston, 2012; Seebacher et al., 2014) . If this were the case, it would be expected that the correspondence between the embryonic and later environments becomes less important, and that individuals can respond to short term variation in addition to, or in spite of, imprinting during early development (Gabriel et al., 2005; Lande, 2014; Seebacher et al., 2014) .
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The resulting phenotypic plasticity in physiological traits such as locomotor performance or metabolism may render individuals more resilient to environmental change, including human induced climate change (Schulte, 2013) . For example, maintaining high levels of locomotor performance across environmental gradients could improve escape from predators (Irschick and Losos, 1998) . The next challenge in the field lies in determining how plasticity affects interactions between species (Schmitz and Barton, 2014).
Changing environments can change trophic interactions, which depend on the physiology that underlies reproduction, growth rates and movement of prey, and the energy requirements and abundance of predators (Post, 2013; Traill et al., 2010; Wilmers et al., 2007) . Physiological responses of individual to environmental change may therefore alter species interactions if the interacting species respond asynchronously to the change (Durant et al., 2007; Edwards and Richardson, 2004; Grigaltchik et al., 2012) . The relationship between plasticity induced during embryonic development and acclimation during subsequent life history stages therefore may shape predator-prey interactions in variable environments. Our aim was to determine whether plasticity induced by the thermal environment experienced during embryonic development and subsequent life history stages modifies the impact of predation on tadpoles of the frog Limnodynastes peronii.
Predation is a major selection pressure that influences survivorship of prey, as well as the phenotypes of survivors if predators show preferences for particular prey characteristics.
Predator presence may also induce plasticity in prey, and tadpoles in particular change their morphology and behaviour in response to predators (Pease and Wayne, 2014; Relyea, 2001; Van Buskirk and McCollum, 2000b) . At least some of the phenotypic characteristics of prey that alter the impact of predation are also dependent on temperature so that there may be an interaction between environmentally induced plasticity and predation (Abrahams et al., 2007; Traill et al., 2010) . For example, voluntary activity may decreases both in the presence of predators (Pease and Wayne, 2014) and with decreasing temperature. However, burst
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT swimming performance also decreases with decreasing temperature (Johnston, 1997), which may decrease success in predator escape (Domenici and Blake, 1997; Irschick and Losos, 1998; Watkins, 1996) . Hence, plastic responses that compensate for the thermodynamic effect of decreasing temperature on physiological functions may be linked to survivorship by improving escape from predators. Metabolic traits parallel locomotor responses and provide fast glycolytic energy (ATP) release to facilitate burst performance, or slower sustained mitochondrial ATP production to support longer-lasting movement and growth. There may be a positive relationship between growth rate and temperature (Seebacher and Grigaltchik, 2014) . However, often predators have a preference for larger individuals, and tadpoles of Rana sylvatica are smaller in the presence of predators (Van Buskirk and Relyea, 1998) .
Predation can therefore act as a directional selection pressure that produces particular prey phenotypes, such as smaller size (Van Buskirk and Relyea, 1998) , lower metabolic rates (Handelsman et al., 2013; Krams et al., 2013) , and greater locomotor performance (Watkins, 1996) . All of these traits that respond to predation pressure are also sensitive to changes in temperature (Traill et al., 2010) . Hence, it would be expected that plastic responses to thermal variability will also modulate the effects of predation on surviving prey phenotypes.
To test this prediction, we incubated freshly collected eggs from the frog (Limnodynastes peronii) at different temperatures reflecting conditions near the seasonal extremes at the frogs' collection site. We then exposed the tadpoles in microcosms at the different incubation temperatures with and without predators in a fully factorial design. We tested the hypothesis that developmental modification of phenotypes is beneficial so that tadpoles have greater survivorship when incubation and subsequent microcosm temperatures coincide. Additionally, because predators may select particular phenotypes, we tested the hypothesis that survivors from predation will have greater locomotor performance and greater maximal metabolic capacities (enzyme activities), lower metabolic rates indicative of lower levels of activity, and will be smaller than in the absence of predators. However, we also
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT predict that there will be an interaction between incubation and microcosm temperatures, and the effect of predation on survivor phenotypes, because animals for which incubation and microcosm temperatures coincide will be better matched to their environment and therefore suffer lower rates of predation so that predator-linked selection is weaker. We chose the striped marsh frog (Limnodynastes peronii) as study organism, because tadpoles of L. peronii are known to acclimate swimming performance and metabolism (Rogers et al., 2004; Wilson and Franklin, 1999) . Also, the species occurs across a broad latitudinal range along the east coast of Australia (Schäuble, 2004; Wilson, 2001) , and breeds for most of the year (Schell and Burgin, 2003; Tyler, 2011) . The species lives in shallow ponds and eggs are laid and hatch in foam nests at the water surface. Embryonic development of Limnodynastes in the egg is fairly rapid (3-5 days) but the tadpole stage can be prolonged (Lane and Mahony, 2002) .
Tadpoles hatched late in summer are likely to overwinter and metamorphose in the next spring.
Results

Survivorship
The three-way interaction (incubation x microcosm x predator interaction; Table 1 ; survivorship in cold microcosms was significantly greater in tadpoles that were incubated at cold temperatures compared to those incubated at warm temperatures (post-hoc p < 0.005).
Size
Total length of surviving tadpoles differed significantly between microcosm temperatures (microcosm x predator interaction, Table 1 
Swimming performance
Both swimming speed and acceleration increased with increasing body length (main effect of body length, Table 2 ). The significant interaction between incubation temperature and predator presence ( Table 2 , Fig. 3a ) shows swimming speeds of tadpoles from warm incubation temperatures that survived predators were significantly higher compared to nopredator controls (p < 0.0001); predation did not affect swimming performance in coldincubated tadpoles (post-hoc p = 0.27; Fig. 3a) . Similarly, tadpoles surviving predation in warm microcosms had significantly greater swimming speeds compared to controls (microcosm x predation interaction, Table 2 , Fig. 3b , post-hoc p < 0.0001), but there were no differences in cold microcosms (post-hoc p = 0.27).
Tadpoles from cold incubation temperatures reared in warm mesocoms had the highest swimming performance (incubation x microcosm interaction, Table 2 (microcosm x test temperature interaction, Table 2 Similar to swimming speed, acceleration of tadpoles from warm incubation temperatures that survived predators was significantly higher compared to no-predator controls (incubation x predation interaction, Table 2 , Fig. 3e , post-hoc p < 0.0001), but predation did not affect acceleration in cold-incubated tadpoles (post-hoc p = 0.79; Fig. 3e ).
Additionally, acceleration was significantly higher in tadpoles from warm microcosms compared to cold microcosms (microcosms main effect, µmol g -1 min -1 ). However, metabolic rates differed significantly with incubation and microcosm temperatures, and the effect of predation (incubation x microcosm x predation interaction, Table 2 , Fig. 4 ). In the absence of predators, metabolic rates were higher in coldincubated tadpoles from cold microcosms compared to warm microcosms (post-hoc p < 0.005), but there were no differences between microcosms in tadpoles incubated at warm temperatures (post-hoc p = 0.80; Fig. 4a ). The pattern was reversed in survivors from predation, and there were no differences between cold-incubated tadpoles (post-hoc p = 0.63), but warm-incubated tadpoles had significantly higher metabolic rates in cold microcosms (post-hoc p < 0.03; Fig. 4b ).
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Enzyme activities
Activities of the glycolytic enzyme lactate dehydrogenase and the mitochondrial enzymes citrate synthase and cytochrome c oxidase increased with test temperature (test temperature main effects, Table 3 , Fig. 5 a-c) . Citrate synthase activity was greater in tadpoles from cold microcosms, but the reverse was the case for cytochrome c oxidase (microcosm main effects, Table 3 , Fig. 5 b-c).
Both lactate dehydrogenase and citrate synthase activities were lower in tadpoles from 25 o C incubation treatments that survived predation compared to no-predator controls (incubation x predator interactions, microcosms, both in absolute numbers and relative to control. This could imply a negative effect of the warm environment per se, which is unlikely given the broad latitudinal distribution of the species and its shallow pond habitat (Wilson, 2001) . It is more likely that predation pressure was greater under warm conditions, which could be explained at least partly by the greater motivation to feed of predators in warmer environments regardless of their thermal history (Grigaltchik et al., 2012) . Hence, it is possible that greater predation pressure masked the effect of plasticity on survivorship in the warm microcosms. Rather than just representing an artefact of the experimental design, these results may reflect that the benefits of developmental plasticity are context dependent; in this case, benefits are apparent under low predation pressure but may disappear as predation pressure increases.
The change in environmental conditions between embryonic and later life history stages is also thought to render developmental plasticity relatively ineffective in compensating for climate change, because later environmental conditions are not predictable resulting from predation would be expected to result in an increase in size as a result of decreased competition (Werner and Anholt, 1996) . Hence, density effects alone are unlikely to explain our results. On the other hand, predator presence may reduce feeding activity and thereby slow growth rates of tadpoles (Van Buskirk and Yurewicz, 1998) . This explanation
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However, our metabolic data indicate that this was not the case. The most parsimonious explanation therefore is that that predators preferred larger prey so that the survivors were smaller than animals from control treatments (Relyea, 2002; Van Buskirk and Relyea, 1998) , and this effect would be more pronounced in the warmer microcosms where predation pressure was greater.
Survivorship may be closely linked to physiological capacities, and locomotor performance in particular is often associated with predator escape (Domenici et al., 2007) .
In the absence of predators, both swimming speed and acceleration were greater in tadpoles incubated at 15 o C, which indicates that cool incubation temperatures enhance physiological mechanisms underlying swimming performance. Metabolic capacities (lactate dehydrogenase and citrate synthase activities) in our tadpoles, however, were greater at the higher incubation temperature, and their activities are therefore unlikely to explain differences in swimming performance. Intrinsic muscle function and calcium cycling are more likely candidates underlying increased locomotor performance (Berchtold et al., 2000; Seebacher and Walter, 2012) , particularly because expression of fast and slow fibre types are sensitive to developmental conditions (Hofsten et al., 2008) . In the presence of predators, swimming speed and acceleration were greater in tadpoles from warm incubation conditions, and in tadpoles from warm microcosms; again, enzyme activities showed the opposite pattern and are therefore unlikely to explain differences in swimming performance. It is tempting to conclude that predators selected slower animals so that survivor phenotypes had greater locomotor performance under these conditions (Watkins, 1996) , especially considering that the slowest animals from the overall slower warm-incubated tadpoles would have been particularly vulnerable to predation. Alternatively, predator cues during early development can change morphology, and in particular increase tail length and depth, which increase
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT swimming speed and acceleration and thereby escape from predators (Van Buskirk and McCollum, 2000a) . Our experimental design could not distinguish between direct selection by predators and predator-induced morphological changes that increased the probability of escape from predators. Nonetheless, regardless of the mechanism, there is a consensus that faster tadpoles are less likely to be eaten, and we have shown that the developmental environment influences swimming speed and probability of escape. One aspect of our data that argues against predator-induced morphological changes as a mechanism in this context is that surviving tadpoles were smaller and faster, whereas predator-induced morphological changes tend to produce longer tails and overall larger size (Van Buskirk and McCollum, 2000b ).
Incubation temperature also modulated reversible plasticity of swimming performance, which means that the potential cost of developmental plasticity resulting from a mismatch between embryonic and later environments would be reduced. However, the direction of the developmental effect was the reverse to that expected, that is, cold incubated tadpoles performed best in warm acclimation conditions, and warm acclimated tadpoles performed better than cold acclimated animals across test temperatures. It could be speculated that this patterns is advantageous for animals hatching from eggs laid early in the season in relatively cool water which develop as tadpoles at increasingly higher temperatures. However, the mechanisms underlying this pattern are not immediately obvious, other than that cold incubation conditions may produce proteins with greater thermal sensitivity.
Resting or routine metabolic rates represent energy expenditure on maintenance and growth and, in case of routine metabolic rates, low levels of activity. It has been suggested that metabolic rates are linked positively to personality traits, such as boldness and activity, which would render individuals more susceptible to predation (Biro and Stamps, 2010; Handelsman et al., 2013) . However, contrary to our predictions, survivors from predation did
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We show that thermal conditions experienced during early development influence survivorship from predation. Importantly, developmental thermal plasticity also impacts population phenotypes indirectly by modifying species interactions and the selection pressure imposed by predation. These findings are important for understanding how animals respond to changing environments including human-induced climate change. Determining environmental effects on single species is important because it reveals the physiological capacities and environmental tolerances of that species. However, the ecological consequences of species' tolerances can be revealed only by elucidating interactions within the community (Gilman et al., 2010; Post, 2013; Tylianakis et al., 2008) . Our data show that thermal plasticity is a significant factor in shaping interactions.
Material and Methods
Ethics statement
Animals were collected under NSW National Parks and Wildlife Service Scientific License SL100518. All experiments were conducted under approval from the University of Sydney Animal Ethics Committee (approval L04/5-2011/2/5530).
Study animals and microcosms
Freshly laid striped marsh frog (Limnodynastes peronii) egg masses (n = 8) were All microcosms were kept at a constant 12:12-h light-dark cycle throughout experiments.
Frozen, and then thawed lettuce was added daily ad libitum as food for tadpoles. Uneaten
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT lettuce was removed daily, and water was topped up when needed as a result of evaporation, but otherwise the microcosms were left undisturbed. weeks. Acclimation treatments were conducted as described for microcosms above, and fish were kept at a 12:12-h light-dark cycle.
Mosquitofish (Gambusia
At the end of mosquitofish acclimation treatments, tadpoles had inhabited microcosms for 2 weeks post-hatching. At this time, 3 adult length-matched (2.78 ± 0.03 [s.e.] cm) male mosquitofish were added to 6-7 mesocoms of each thermal treatment combination (predator treatment); fish were introduced to microcosms that were at the same temperature as their acclimation temperature. Hence, around half of the microcosms for each incubation x microcosm temperature combination comprised the predator treatment while the other half represented a no-predator control. After the addition of the mosquitofish, microcosms were maintained for 2 weeks with minimal disturbance (see above). After 2 weeks, all mosquitofish were removed and each microcosm was cleaned out carefully by removing all stones and floating plants so that all surviving tadpoles could be collected, measured, and counted. We then collected 1-4 tadpoles randomly from each microcosm to measure whole-animal performance of surviving tadpoles from the predator treatments, and of tadpoles from the nopredator control microcosms (to give a total of 14 -22 tadpoles per treatment).
Swimming performance
Individuals were placed into a plastic tray (40 cm x 25 cm x 5 cm) filled with water to
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Oxygen consumption
Tadpoles were gently dried, weighed and placed into a plastic respirometer (43 ml).
The respirometers were equipped with inflow and outflow ports through which aged oxygenated water was supplied before measurements started, and which could be closed-off without disturbance to the animals. Inside each respirometer we placed an oxygen sensor spot (PSt3, PreSens, Regensburg, Germany) that was monitored with a fibre-optic cable (PreSens, Germany) mounted on the outside of the respirometer and connected to an oxygen meter (FIBOX3, PreSens, Germany). After tadpoles were placed into the respirometers, the respirometers were left in a temperature-controlled room set to the appropriate test temperature for at least one hour, which is sufficiently long for recovery from handling stress (Kern et al., 2014) . After this resting period, the respirometers were sealed and oxygen concentrations were determined every 15 minutes for a total of 60 minutes. We used the slope in the decline in oxygen concentrations over the last 45 minutes of measurements to determine rates of oxygen consumption in mol min -1 g -1 wet mass; oxygen consumption rates stabilised over that time period. Oxygen consumption of each tadpole was measured at 15.0 and 25.0 o C with 24 hours between trials. We also measured oxygen consumption in respirometers not containing tadpoles as controls, and we subtracted oxygen consumption by the controls from the experimental values. In the event, oxygen consumption by controls was kept to a minimum by routinely cleaning equipment and regular water changes. Tadpoles were not completely stationary during trials so that the measurements represent routine rates of oxygen consumption that represent a mixture of oxygen consumed during low levels of voluntary activity, and maintenance and growth.
Metabolic enzyme activities
Tadpoles (n = 9/treatment) were euthanised in a solution of buffered MS222 (0.25 g/l, pH 7.0; Sigma, Sydney, NSW, Australia) and then quickly measured (total body length), dried and frozen (-80 o C) for later analysis. For enzyme assays, whole tadpoles were homogenised in 19 w/v extraction buffer (50 mM imidazole/HCl, 2 mM MgCl2, 5 mM ethylene diamine tetra-acetic acid (EDTA), 0.1 % Triton X-100, and 1 mM glutathione) for citrate synthase (CS) and cytochrome c oxidase (COX) assays, and further diluted to 1 in 100 (tissue in buffer) for lactate dehydrogenase (LDH) assays. CS and COX are mitochondrial enzymes that set maximal capacities for oxidative ATP production. LDH is a glycolytic enzyme that converts pyruvate to lactic acid, thereby producing ATP rapidly in the absence of oxygen. All assays were conducted at 15 and 25 o C according to published protocols (Rogers et al., 2007) .
Statistical analysis
We analysed all data with permutational analyses of variance in the LmPerm package (Wheeler, 2014 ) in R (R Core Development Team, 2013 . We used a permutation analysis because it tests hypotheses based on the data per se rather than on assumed population parameters, which is preferable when the sample sizes are small relative to the total population (Drummond and Vowler, 2012) . We analysed survivorship with incubation
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT temperature, microcosm temperature, and predator treatment as factors, and individual microcosms were the level of replication. We used the same factors for the analysis of total length, but we used individual tadpoles as level of replication. Swimming performance, acceleration, metabolic rate, and enzyme activities were analysed with incubation temperature, microcosm temperature, predator treatment, and test temperature as factors, and individual tadpoles as level of replication. Body length was used as a covariate in the analyses of swimming speed and acceleration. We optimised the models by initially running the full model and then determining the terms to be retained in the analysis by calculating Aikaike's Information Criterion (AIC); we dropped terms from the full model until AIC was minimised (Crawley, 2007) using the 'step' command in R (R, 2013) . We report sums of squares for each source of variation as well as permutational p-values. We conducted post-hoc tests for simple main effects following significant interactions by comparing marginal means with a permutational analysis (Quinn and Keough, 2004) . We estimated the false discovery rate using the Benjamini-Hochberg procedure (Nobel 2009), and ascertained that it was below 5%
for the whole study.
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